Introduction
Hydrogels arguably represent the quickest, most accessible, and cheapest method to construct an extended nanochannel network. Indeed, they naturally consist of a nano-meshwork of polymer 25 strands with water-filled pores between them. 1 This nanostructure affords molecular sieving and redistribution effects for solutes percolating the hydrogel, underpinning a wide range of applications, including chromatography, 2 drug delivery, 3 gel electrophoresis 4 and the distribution of biomolecules in the 30 human body. 1 While molecular partition and transport in neutral hydrogels has been relatively well characterized, 5 the theoretical understanding of charged hydrogels has remained more limited, 6 despite growing application in drug delivery and tissue engineering. This is in part due to complexity of the interaction 35 between nanostructure, molecular dynamics and electrostatics, and in part because only recently nanoelectrical models have begun to be thoroughly tested in manmade, precisely controlled nanostructures. [7] [8] [9] We compare here an established phenomenological ionic distribution model, namely the Gibbs- 40 Donnan model, 10, 11 to more detailed nanoelectrical analysis at the level of the hydrogel pore size, by means of the PoissonBoltzmann equation. 10, 11 Indeed, Poisson-Boltzmann models are widely used in the analysis of free polyelectrolyte solutions, known to strongly deviate from the Gibbs-Donnan theory.
12, 13 45 We also ask how the molecular mobility of the polymer strands making up the hydrogel affects molecular redistribution in charged hydrogels. We use quantitative analysis of ionic exclusion of negatively charged solutes from also highly negatively charged, covalently crosslinked model alginate 50 hydrogels in order to delimit the conditions of validity of the different models, and to assess the influence of chain mobility and therefore apparent charge distribution on ionic partition.
The question of ionic partition into charged hydrogels is an old one. The traditional approach is to apply the Gibbs-Donnan 55 equilibrium theory.
14 Its main, and most critical, assumption is a homogeneous fixed space charge distribution. 15 This assumption is realistic if either the actual pore diameter is below the Debye electrostatic screening length, 12, 15 or potentially if other mechanisms such as high chain mobility can recover an 60 apparently more homogeneous space charge density despite larger nominal pore size. The Debye length for biologically and chemically relevant millimolar to molar free salt concentrations is below 10nm. While some hydrogels, namely polyacrylates with a very high monomer concentration do have such small pores, 16 the 65 diameter in typical protein or carbohydrate hydrogels is in the range of 10nm to 1µm and sometimes beyond. [17] [18] [19] [20] We investigate here how ionic partition in alginate gels with a pore size in the range of 10-40nm should be modeled : Either by the use of the Gibbs-Donnan equilibrium, assuming 70 homogeneous space distribution due to a hypothetical infinitely high chain mobility? Or by the use of the Poisson-Boltzmann equations, assuming a static gel structure? Or even by an intermediate model allowing for partial gel strand mobility?
While in the Gibbs-Donnan model, the fixed space charge is considered to be fully spread out, the opposite limiting case is the assumption of a completely static hydrogel, where fixed space charge is concentrated in the small solid fraction occupied by the 5 hydrogel polymer strands. We refer to this case as « solid nanochannel model », since it corresponds to the theory commonly employed in manmade nanofluidic channels. 7 When allowing for partial polymer strand mobility, a larger effective volume fraction is occupied by the fixed space charge, we refer to 10 this case as « soft hydrogel model. »
We further investigate the partitioning of a macromolecular, highly negatively charged probe into the covalent alginate gels, in order to better understand the relationship between ionic exclusion effects for macromolecules versus small molecules. 15 Indeed, while electrostatic interaction is considered to be of prime importance of small molecules, the pore size distribution according to the Ogston model 5 is reported to be of main importance for the partitioning of macromolecules into hydrogels, including charged gels. 21 It is an intriguing possibility to assume 20 that due to the hydrogel network mobility, the gel can make room for macromolecules, and that the Ogston distribution may arise dynamically rather than being statically present. In that case, using the Ogston model for partitioning of small ions should not improve, or even deteriorate the fit between experimental 25 partitioning data and theory, while it should dramatically improve the fit for macromolecular probes.
Theory
We model charged hydrogels as one-dimensional, periodic arrays of fixed space charge, the local concentration of charged residues 30 being given by the periodically varying function c fixed (x). The use of a periodic, evenly space lattice as a model for the charged hydrogel reflects the idea that high electrostatic repulsion between the chains should maximize and homogenize the spacing between the polymer strands making up the gel 12 . The periodic 35 space charge distribution gives rise to a periodic electrical potential distribution Φ(x), which is obtained by the solution to the Poisson-Boltzmann equation 10, 11, 22 : where r pore is the pore radius. The two boundary conditions described by equation (2) uniquely define the solution Φ(x) to the ordinary, second-order differential equation given by equation (1) . The fundamental behavior of the solutions to eq. In the complete absence of chain mobility (« solid nanochannel » model), the solid volume fraction occupied by the polymer strands υ=υ solid is given by the dry volume fraction: (6-B) 75 with c m being the polymer concentration in units of mass per volume and ρ the dry polymer density. In the case of limited polymer strand mobility ("soft hydrogel" model), we assume the accessible volume fraction υ=υ soft to reflect the space that the polymer strands can explore due to 80 thermal agitation. For the highly charged, relatively soft gels used here, electrostatic interchain repulsion is considered to be the main restraining force, such that we expect the accessible space to be a function of the ratio of the electrostatic screening length l Debye and the pore size. We propose to estimate υ soft as follows:
where α is an empirical constant reflecting inter-chain repulsion. Expression (6-C) is chosen semi-empirically such as to reflect repulsion from a central area of α·l Debye for α·l Debye <<r pore , while satisfying υ soft →0 for λ=r pore /l Debye →0 and υ soft →1 for λ→∞.
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Hence, it directly links the effective chain repulsion to the fundamental dimensionless ratio λ of pore radius to Debye length. carboxyl groups of the alginate chain. To do so, the carboxylgroups are activated by a carbodiimide (EDC), followed by condensation with the amino groups of the adipic acid dihydrazide 24, 25 . B) Ionic partition. We investigate theoretically and experimentally the partition of tracer substances into the alginate hydrogels at various ionic strengths. On the 10 theoretical level, the hydrogel can be modeled by fixed negative space charges (blue) with limited thermal mobility (shaded areas). We are mostly interested in the partition of negatively charged co-ion probes in the gel.
The inhomogeneous distribution of the space charge for the solid 15 nanochannel and soft hydrogel model (eq. 6-B respectively 6-C) requires numerical integration of equations 1 and 2 to obtain a numerical solution for Φ(x) for the fixed charge densities specified by equation 5 in conjunction with 6-B or 6-C. On the other hand, under the Gibbs-Donnan approximation (equation [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] A), the solution is particularly simple 14 :
Whatever the model used, the macroscopically observable partition coefficients for tracer ions are obtained by integration of the local concentrations:
where n is the number of charges carried by the tracer ion under consideration. In the Gibbs-Donnan limit, this yields a simple analytical expression: soluble fluorescently labeled alginate as a probe. We expect the gel to be locally deformed as a response to the large size and charge of the macromolecular probe, leading to a significant decrease of electrostatic repulsion energy. This effect is naturally accessible to the soft nanochannel model. Indeed, assuming the 55 limitation of the freedom of movement of the highly charged macromolecular probe to be similar in nature to the limitation of movement of the gel strands, the partition coefficient for the macromolecular probe should be given by:
where β is an empirical constant. Eq. 11 is analogous to eq. 6-C, outlining again the fundamental importance of λ in the context of electrostatic interaction with charged hydrogels. Eq. 11 should be valid in the limit of purely electrostatic repulsion. For less densely charged macromolecules such as typical soluble proteins, 65 spatial constraints would need to be taken into account as well.
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It is also possible to model the partition of a macromolecular, highly charged probe in the framework of the solid nanochannel model, although a number of experimental and theoretical complications need to be taken into account if realistic 70 predictions are to be obtained. A first issue is local pore size heterogeneity, which we consider to arise as a response to the presence of the probe rather than being statically present. The Ogston model provides the distribution of the pore radius if its mean r 0 is known 5 , such that the overall partition coefficient space charge regions in the array. For the solid nanochannel simulations, the fixed space charge is assumed to be concentrated in periodic patches occupying 5% of the available space, and is assumed to have a local concentration of 5M negative residues; overall, this gives to a mean space charge of 250mM=-0.24C/m 3 . The structure was assumed to be at A second theoretical issue arising with highly charged 20 macromolecules is Manning counter-ion condensation and shielding by the mobile charges 13 , both effects leading to lowering of the effective electrostatic repulsion. By explicit calculation of the electrostatic repulsion energy in the PoissonBoltzmann framework 13, 21 , we take these effects into account; we 25 calculate an effective charge density that lies in the range of 10%-30% of the nominal charge density for the relevant experimental conditions (Details are given in Electronic Supplementary Information 1). Finally, the probe used is polydisperse, i.e. it has a distribution 30 of molecular weights rather than a single defined strand length. Given that the partition coefficients will be dependent on the molecular weight, we obtain the overall partition coefficient by integration over the different molecular weights as determined by gel permeation chromatography GPC (details in Electronic
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Supplementary Information 1). In order to compare the partition phenomena observed for small ions and polyelectrolytes in charged covalent alginate hydrogels to theoretical predictions, we finally need to estimate the pore size of the hydrogels. We do so by estimating the 40 macroscopic hydraulic conductivity of the gels. We estimate the hydraulic conductivity from stress relaxation as quantified by mechanical testing, as shown in Figure 3A . It is indeed wellknown that in covalent hydrogels, stress relaxation primarily reflects water migration 24 . Since in addition, pore size is known 45 to be related to the hydraulic conductivity of hydrogels 26 the time constant of the stress relaxation along with the compressive Young modulus can be used to estimate the pore radius: (13) where R sample is the macroscopic radius of the disk used for 50 compression testing, η the viscosity of the pore medium (here, water, with η=10 -3 Pa), E the gel's compressive Young modulus, and τ the relaxation time. The details of the derivation of eq. 13 as well as the fitting procedure for obtaining τ for disk-shaped samples are outlined in Electronic Supplementary Information 2.
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Results
In this report, we investigate the partition of negatively charged probes into also negatively charged model hydrogels. For this, we synthesized covalently crosslinked alginate hydrogels by wellestablished carbodiimide chemistry 24, 25 , with water-soluble 60 carbodiimide (EDC) as the activator, and the di-amine adipic dihydrazide as the crosslinker (Fig. 1A) . The gels set within a few minutes, allowing for convenient molding into arbitrary shapes before gel formation. crosslinked alginate hydrogels at different gel concentrations. We then investigated the partition of negatively charged probe substances into these gels (Fig. 1B) under different ionic force conditions (KCl concentrations). We compared the experimental observations to three theoretical models, namely the solid 80 nanochannel model, the soft hydrogel model, and the GibbsDonnan model (Fig. 2) . The solid nanochannel model covers the extreme limit of essentially immobile polymer strands making up the hydrogel. In this case, the entire fixed negative charge associated with the alginate molecules is concentrated in a very 85 small volume fraction given by the dry fraction of polymer present ( Fig. 2A) . The soft hydrogel model allows for partial mobility of the polymer strands, such that the fixed negative charge linked to the polymer molecules appears partially smeared out (Fig. 2B) . The Gibbs-Donnan model finally assumes a 90 completely homogeneous space charge distribution (Fig. 2C) . In all three cases, we can model the hydrogel by a 1D model with a simplified periodic structure 15 , consisting of alternating polymer « walls » and aqueous pore space (Fig 2D) . The local electric potential is assumed to follow the Poisson-Boltzmann equation 10 (eq. 1). Using suitable boundary conditions (eq. 2), along with the characteristic fixed charge distribution specific to each of the three models (eq. 5, and 6-A, 6-B or 6-C as a function of the model), the local electric potential distribution in the pores is obtained (Fig. 2D ).
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As expected 27 , the Gibbs-Donnan model gives rise to a homogeneous electric potential distribution, while the solid nanochannel and the soft hydrogel model both give rise to a more negative electric potential in the vicinity of the polymer chains, and a more nearly neutral electric potential towards the midline of 20 the aqueous pores between the polymer strands. The ionic partition coefficients of a given positively or negative charged ion can then be evaluated by integration of its local concentration (eq. 8). The simulation was carried out for different pore sizes, such that the partition coefficients for the different models can be 25 traced as a function of the pore size. This was done in Fig. 2E . The results indicate firstly that the partition coefficient of singly charged counter-ions (positively charged ions for the negatively charged gel used here) is little affected by the choice of the underlying theoretical model (upper horizontal line in Fig. 2E , all 30 three models are superimposed). This essentially reflects the fact that under the chosen conditions, the counter-ions are the majority mobile ionic species in the gel, and as such they provide for electroneutrality and thus must essentially balance the negative charge of the alginate molecules 12 . The result also means 35 that in order to probe the influence of pore structure and dynamics on the ionic partition, we need to investigate the partition of co-ions (negatively charged in our case) rather than the partition of counter-ions, for which the models essentially give identical results.
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The exclusion of the co-ions becomes increasingly less efficient for the solid nanochannel model than for the Gibbs-Donnan model for pore sizes exceeding the Debye length (Fig. 2E) . The reason for this can be seen in Fig. 2D : the electrostatic shielding of the central area of the pores leads to a near neutral potential, 45 associated with ionic composition near bulk far from the channel walls. While quantitatively negligible for the otherwise highly concentrated counter-ions, these shielded areas give rise to much higher partition coefficients for the co-ions than expected based on the homogeneous charge and electric potential distribution 50 assumed by the Gibbs-Donnan theory. The soft hydrogel model is intermediate between the GibbsDonnan and solid nanochannel model (grey area in Fig. 2E ). Indeed, the increased polymer chain mobility and thus apparent « smear out » gives rise to a smoother electric potential distribution 55 ( Fig. 2D) , and thus also more efficient co-ion exclusion at larger pore size. The exact value of the partition coefficient will however depend on the chain mobility parameter α (eq. 6-C).
To compare experimentally measured partition coefficients to the theoretical predictions, an estimation of the average pore 60 diameter is needed for the solid nanochannel and soft hydrogel models. The pore diameter has a dramatic influence on water migration under pressure gradients in porous media in general 28 , and in hydrogels in particular 26 . In covalently crosslinked alginate hydrogels, stress relaxation is known to be mainly related to 65 water migration in the hydrogel meshwork 24 . Hence, we use quantification of stress relaxation by mechanical compression testing to evaluate the pore diameter (Fig. 3A) . First, we used a rapid compression phase (seconds) to determine the elastic modulus E of the gels. Fig 3B shows the limiting elastic moduli   70 for small deformations as a function of ionic force and alginate concentration. It can be seen that the elastic modulus increases with lower ionic force for most cases, except for the highest ionic forces and lowest alginate concentration. This is indicative of a dominating effect of high electrostatic interchain repulsion, which 75 increases with decreasing ionic force. We then quantified stress relaxation on the compressed gels by keeping the strain constant, while measuring the decreasing elastic force and therefore stress over up to 3h following the initial compression. During this time, pore water is squeezed out from the gels, and the elastic force 80 decreases as pore pressure approaches ambient pressure. The pore diameter can then be calculated from the compressive Young modulus and the stress relaxation time constant (eq. 13, further details in Electronic Supplementary Information 2) . The results are shown for gels of varying alginate concentration equilibrated 85 in PBS (Fig. 3C) . The pore size is measured to be inversely proportional to the alginate concentration. Figure 4A shows schematically the microfluidic device used to measure the partition coefficients. Due to the constant slow flow, the concentrations in the test solution surrounding the gel plugs is maintained constant. The partition coefficient is given by the ratio of fluorescence intensity in the gel area compared to the test solution. Figures 4B-4D show the partition coefficients for the fluorescein dianion (10µM) in KCl solutions of 1mM, 10mM, 100mM and 1M concentration, along with the three theoretical models (Donnan, solid nanochannel, best fit soft 5 nanochannel for α=16).
For different hydrogels, a power-law dependence between the pore size and the polymer concentration has typically been observed, although the numerical value of the exponent varies somewhat (in the range of -0. should finally be said that the gels also exhibit substantial swelling at lower ionic force, such that we calculate the pore size at the relevant conditions by using the final total alginate concentration (details given in Electronic Supplementary Information 3). 20 We then quantified the partition coefficient of the fluorescein dianion in gels of different alginate concentration (25mg/mL, 50mg/mL, and 65mg/mL) at different ionic force (1mM to 1M KCl). To do so, we used a microfluidic setup with small disk shaped gel plugs in a microfluidic channel 31 (Fig. 4A ). This 25 allows to maintain a constant small flow rate next to the gels, such as to precisely impose the composition of the bulk fluid surrounding the gels. For each measurement, we allowed at least 2h of incubation with the desired bulk fluid. At this time, the fluorescence intensity in the gel plugs had become homogeneous.
30
We then determined the partition coefficient by comparing the fluorescence intensity within the gel plugs to the fluorescence intensity in the bulk solution. Fig. 4B to 4D show the experimental values of the partition coefficients for the different gel concentrations and ionic forces. We compared these values to 35 the theoretically calculated values for the Gibbs-Donnan, solid nanochannel and soft hydrogel models, with matching pore sizes. It is obvious that the Gibbs-Donnan model predicts much too small partition coefficients (by up to 3 orders of magnitude), indicating that the assumption of a spatially homogeneous space 40 charged distribution in the hydrogels examined is clearly not valid. The solid nanochannel model provides a much better match. The soft hydrogel model, allowing for partial chain mobility, provides a further improvement only for the lowest alginate concentration (25mg/mL). 45 We also applied the Ogston model of pore size distribution 5 to the solid nanochannel model (eq. 12). We find that this has very minor effect on the partition coefficient for the fluorescein dianion; if anything, it leads to a slight deterioration rather than an improvement of the fit (details given in Electronic
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Supplementary Information 4). Finally, we examined the partition of free, uncrosslinked alginate into the crosslinked gels. This allows to test whether the models developed for small ions are applicable to macromolecules as well. Given that the non-crosslinked probe is otherwise 55 chemically identical to the crosslinked gel, the measurement also allows to obtain an estimate of the electrostatic repulsion encountered by the alginate chains within the gel. The results are shown in Fig. 5 . First, for all gel concentrations and ionic forces examined, the Gibbs-Donnan model predicted much too low 60 partition coefficients -the predictions are off by 10 to more than 100 orders of magnitude(!). This clearly confirms that for the partition of macromolecular substances, the local gel structure is very important and cannot simply by ignored. The solid nanochannel model, assuming a network with homogeneous pore 65 size, performs very well for the 25mg/mL gels, but it predicts substantially too small partition coefficients for the higher alginate concentrations, namely for the lower ionic forces. Taking into account heterogeneous pore size distribution according to the Ogston model 5 (eq. 12) improves the fit at higher alginate 70 concentrations, although some overestimation results at 25mg/mL. The soft hydrogel model adapted to partition of highly charged macromolecular probes (eq. 11, for a best-fit value of β=175) performs reasonably well for all conditions. 75 Figure 5 : Partition coefficients for free alginate 5A-5C show the partition coefficients for the free alginate tracer solutions in KCl of 10mM, 100mM and 1M concentration for three different alginate gel concentrations as indicated. Two variants of the solid nanochannel theory are shown, one assuming a monodisperse pore size, the other assuming a distribution of pore sizes as described by the Ogston model. We also indicate the predictions of the partition coefficients for the soft hydrogel model (eq. 11) for the best fit parameter β=175, and the numerical values of the partition coefficients predicted by the 5 Gibbs-Donnan equilibrium, too low to be shown on the same graphs. In the solid nanochannel model and the Gibbs-Donnan theory, molecular weight polydispersity and Manning condensation were explicitly taken into account, in the soft hydrogel model they are empirically accounted for by the best fit parameter β.
Discussion
We investigate ionic partition in charged covalent alginate 10 hydrogels in relation to the underlying nanostructure. We first quantified the partition of a small negatively charged probe, namely fluorescein dianion, into the alginate gels at different externally imposed ionic forces. As expected, we find that lower ionic force and higher alginate concentration lead to more 15 efficient ionic exclusion (Fig. 4) . We compared the experimental results to three theoretical models for the local ionic distribution at the size scale of individual pores in the alginate hydrogels: the Gibbs-Donnan model, the solid nanochannel model, and the soft hydrogel model (Fig. 2, Fig. 4 ). As in our conditions, the 20 measured pore diameters always exceed the Debye length, large differences arise between the different models, and it is crucial to identify the correct model for the experimental conditions at hand. For the partition of the fluorescein dianion tracer, we find the soft 25 hydrogel model to provide the best match, but especially for the higher gel concentrations, the solid nanochannel model provides a good match as well (Fig. 4) . The Gibbs-Donnan model predicts generally much too low partition coefficients. This indicates that the alginate chains are relatively immobile at the time scale of 30 ionic redistribution, especially for the higher alginate concentrations. This is consistent with a high electrostatic repulsion between the alginate chains, namely for the higher alginate concentrations, as suggested by the Young modulus measurement (Fig. 3) . Indeed, the compressive Young modulus 35 for the higher alginate concentrations (50mg/mL and 65mg/mL) shows a monotonous dependence on the ionic force, lower ionic force being associated with higher Young moduli (Fig. 3B) . Given that the gels also swell more at lower ionic force (data in Electronic Supplementary Information 3), this indicates higher 40 Young moduli for higher swelling ratios for a given alginate concentration. Such an increase of Young modulus with increasing swelling is a relatively uncommon condition known to be related to a highly extended state of the hydrogel network 32 , which we attribute here to dominating electrostatic repulsion 45 between the gel strands. On the contrary, for the 25mg/mL gel, a minimum Young modulus is found for 100mM KCl, with higher values both for higher and lower ionic force (Fig. 3B ). This indicates a transition from a highly extended network to a partially coiled state of the chains at higher ionic force 32 , a 50 finding consistent with the more important role of chain mobility for the partition of fluorescein dianion into the 25mg/mL gels. The good fit between the solid nanochannel model and the observed partition coefficients for the 50mg/mL and 65mg/mL gels (Fig. 4) indicates that for these harder gels, the hydraulic 55 pore diameter is also the relevant pore diameter for the partition of small ions. The hydraulic pore diameter is therefore analogous to the physical pore dimensions in manmade nanochannels 7, 27 , or the intermolecular distance in polyelectrolyte solutions 12 . This analogy allows to directly transpose conceptual and mathematical 60 developments made in these domains to the charged hydrogels. Namely, deviations of polyelectrolyte solutions from the GibbsDonnan equilibrium are very well studied 12, 13, 33 , and the analytical expression for the partition coefficient in the solid nanochannel model presented here (eq. 10) is based on these 65 developments 12, 33 .
A further important point is that the rough approximation by a 1D lattice allows to model quantitatively the ion exclusion in the 3D hydrogels. Analogous observations have been made before for polyelectrolyte solutions 33 ; it is commonly assumed that this 70 reflects local lattice-like self organization due to electrostatic repulsion between the chains 12 , leading to homogeneous spacing between the chains in all space directions. This view is backed by our data on the mechanical and swelling properties, as they indicate an extended chain configuration associated with strong 75 interchain electrostatic repulsion; it is further corroborated by the experimentally observed optical clarity of the covalent alginate hydrogels, as this indicates absence of structural inhomogeneity beyond the 100nm scale 34 .
For the partition of the macromolecular alginate probe, we find that the solid nanochannel model with a monodisperse pore size, 5 and even more so the Gibbs-Donnan model predict partition coefficients orders of magnitude below the observed ones (Fig.  5 ). For the partition of macromolecules into hydrogels, it is generally assumed that pore size variation needs to be taken into account, as described by the Ogston model 5 . Indeed, we find the 10 fit to be improved by allowing for a pore size distribution according to the Ogston model 5 , rather than a single homogeneous pore size (Fig. 5, Ogston model) . This contrasts with the results obtained for the low molecular weight probe fluorescein dianion, since applying the Ogston model to this 15 probe yields no improvement (Electronic Supplementary  Information 4) . This most likely implies that the highly charged free alginate probe is able to locally deform the gel, such as to create the Ogston pore structure transiently in response to the presence of the probe molecules. This is also suggested by the 20 very good fit between the soft hydrogel model and the experimental data for the alginate tracer (Fig. 5) , since the underlying assumption of the soft hydrogel model for the high molecular weight tracer is that the probe is able to make room for itself and ultimately has access to a volume fraction determined 25 by electrostatic repulsion from the crosslinked chains much as if it were part of the network itself. A dynamic pore structure due to charge interactions might also explain the peculiar observation, made by us 25 and others 21 , that diffusion coefficients of macromolecules in charged gels are much less affected by ionic 30 force than the partition coefficients. The theoretical and experimental results presented in this report place important conditions on the use of different models to describe molecular partition in charged hydrogels. The GibbsDonnan model greatly overestimates the efficiency of co-ion 35 exclusion from the charged hydrogels, the discrepancy to experimental results being inacceptable namely for the macromolecular probe. Taking into account the nanoporous structure in the solid nanochannel model substantially improves the fit between theory and observed data. However, we globally 40 find that the best match between theory and observed partition coefficients is obtained by the soft hydrogel model, for both the low molecular weight (eq. 6-C) and high molecular weight version (eq. 11). Interestingly, the numerical simulation indicates that the Gibbs-Donnan model, frequently used for its simplicity 45 and elegance, is appropriate for the partition of the counter-ions, making up the majority of the mobile ionic species in charged hydrogels, even if the condition of a small pore size as compared to the Debye length is not met (Fig. 2E) . This asymmetry between the distribution of co-and counter-ions is known to be 50 associated with high fixed local space charge, 12 and it implies that it may be suitable to use the Gibbs-Donnan model for properties related to majority ionic species, under conditions not necessarily compatible with the basic assumption of homogeneous space charge distribution. For instance, the osmotic pressure within the 55 gels is a crucial element in the understanding of hydrogel swelling within the Flory-Huggins theory 17 , where it is successfully evaluated using the Gibbs-Donnan model modified for counter-ion condensation, but only with minor activity coefficient corrections 17 .
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In terms of scaling laws, the ratio λ between nominal pore size and the Debye length (eq. 3) is known to be of prime importance in the understanding of charged hydrogels; 15 indeed, it reflects the mean spacing between polymer strands as compared to the Debye length. It is well established that if this ratio is below unity, a 65 nearly exact match between the Gibbs-Donnan model and models taking into account that nanostructure can be expected both for co-and counter-ions 15 . We confirm this by numerical simulation in Fig. 2E . For larger values of λ, we find that it is mandatory to take local nanostructure into account for co-ion exclusion, 70 although not necessarily for counter-ion enrichment (Fig. 2E) . In addition, we also find λ to dictate the effective charge distribution relevant for the low molecular weight probe in the soft hydrogel model (equation 6-C). Finally, by means of equation 11, we provide a direct link between λ and the partition of the highly 75 charged macromolecular probe.
Experimental
The following chemicals were obtained from Sigma-Aldrich Covalent alginate hydrogels were synthesized by established carbodiimide chemistry 24, 25 . Briefly, the different gels were made as follows: gel-1 (25mg/mL): 1mL 30mg/mL alginate, 0.17mL MES pH 5.5, 0.5M, 25 µL adipic acid dihydrazide 50mg/mL, 90 EDC 12mg in 12 µL DI; gel-2 (50mg/mL): 1mL 60mg/mL alginate, 0.2mL MES pH 5.5, 0.5M, 50 µL adipic acid dihydrazide 50mg/mL, EDC 24mg in 24 µL DI; gel-3 (65mg/mL): 1mL 90mg/mL alginate, 0.2mL MES pH 5.5, 0.5M, 75 µL adipic acid dihydrazide 50mg/mL, EDC 36mg in 36 µL 95 DI. Gel formation was initiated within 2minutes of mixing at room temperature, but let to complete for at least 1h prior to gel use. Mechanical testing was performed on a textureAnalyzer (stable MicroSystems), using hydrogel disks of 7mm diameter and 1mm height. Prior to compression, the gel disks were 100 equilibrated in the desired buffer solution (KCl or PBS), and compression was performed with the disks submerged in the buffer solution. The gels were compressed by 20% at a rate of 30µm/s, and the resulting force recorded. Once the final compression achieved, stress relaxation was monitored at 105 constant compression by continuously recording the slowly decreasing elastic force. Strains were calculated by the deformation relative to the original height, and stress as the force per area. Partition coefficients of fluorescein dianion and fluorescently labeled alginate were measured by quantification of 110 fluorescence intensity in the gel and in surrounding perfusion medium of the desired composition. This was carried out in a microfluidic channel, comprising a gel plug and a perfusion solution flowing around the gel plug in the channel. The microfluidic channels themselves were molded in PDMS with a channel height of 50µm, and the gel plugs produced by deposition of a drop of the fully mixed, yet still liquid gel precursor solution on to the PDMS before pressing it against a microscope slide. Once the gel plug polymerized, excess EDC and soluble reaction products were washed extensively by 5 flushing PBS, and then DI through the channels. 
Conclusions
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We investigate the ionic partition of negatively charged co-ions into negatively charged covalent alginate hydrogels, at ionic strengths ranging from 1mM to 1M KCl. We find that the GibbsDonnan model is not appropriate for the partition of the co-ions, due to a pore size substantially exceeding the Debye length. This
